Abstract. Recognition of deleterious effects of chlorine and bromine on ozone and climate over the last several decades has resulted in international accords to halt the production of chlorine-containing chlorofluorocarbons (CFCs) and bromine-containing halons. It is well recognized, however, that these chemicals have had important uses to society, particularly as refrigerants, as solvents, as plastic blowing agents, as fire retardants and as aerosol propellants. This has led to an extensive search for substitute chemicals with appropriate properties to be used in place of the CFCs and halons. The purpose of this study is to evaluate in a consistent manner the atmospheric lifetime and radiative forcing on climate for a number of replacement compounds. The unique aspect of this study is its attempt to resolve inconsistencies in previous evaluations of atmospheric lifetimes and radiative forcings for these compounds by adopting a uniform approach. Using the latest version of our two-dimensional chemical-radiative-transport model of the global atmosphere, we have determined the atmospheric lifetimes of 28 hydrohalocarbons (HCFCs and HFCs). Through the comparison of the model-calculated lifetimes with lifetimes derived using a simple scaling method, our study adds to earlier findings that consideration of stratospheric losses is important in determining the lifetimes of gases. Discrepancies were found in the reported lifetimes of several replacement compounds reported in the international assessment of stratospheric ozone published by the World Meteorological Organization [Granier et al., 1999] and have been resolved. We have also derived the adjusted and instantaneous radiative forcings for CFC-11 and 20 other halocarbons using our radiative transfer model. The sensitivity of radiative forcings to the vertical distribution of these gases is investigated in this study and is shown to be significant. The difference in the global radiative forcing arising from the assumption of a constant vertical profile for these gases is found to range from 0 to 36%, with higher difference for short-lived gases. Global Warming Potentials (GWPs) for the compounds are determined using the lifetimes and radiative forcings evaluated in this study and are found to differ from values reported by Granier et al. [1999] owing to the differences in our calculated radiative forcings and lifetimes.
Introduction
Over the last decade, in response to the Montreal Protocol on Substances That Deplete the Ozone Layer, a number of replacement compounds for chlorofluorocarbons (CFCs) and halons have been proposed. Hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs) often are suitable replacements, and many of these compounds are now in use as replacements in various applications.
Most of the HCFCs and HFCs are short-lived in comparison to CFCs as these gases are destroyed primarily in the troposphere by hydroxyl (OH) radicals. HFCs have the added advantage that they do not affect ozone because they do not contain chlorine or bromine atoms primarily responsible for the catalytic destruction of ozone. However, HCFCs and HFCs are strong absorbers of terrestrial infrared radiation and as a result are greenhouse gases. The absorption of infrared radiation varies linearly with the concentration of these gases.
HCFCs and HFCs absorb strongly in the window region (8 -12 m) of the infrared spectrum, where their changing atmospheric concentration can lead to changes in the radiative forcing on climate. The potential contribution of these replacements to the greenhouse effect is generally expressed in terms of radiative forcing per unit concentration change of the molecule in the atmosphere. The radiative forcing is itself determined by the strength and frequencies of infrared (IR) absorption represented by infrared absorption coefficients and the concentration of the gas. One of the primary policymaking approaches being used for evaluating the relative potential greenhouse effect of a gas is quantitatively described by Global Warming Potentials (GWPs) for the particular gas [Shine et al., 1990; Albritton et al., 1995] . In turn, the GWPs are based primarily on the lifetime and concentration of the gas in the atmosphere, and its radiative forcing.
Existing evaluations of the atmospheric lifetimes, radiative forcings, and Global Warming Potentials of HCFCs and HFCs come from diverse sources and have been done with a range of different types of modeling and measurement approaches [Barry et al., 1997; Christidis et al., 1997; Clerbaux et al., 1993; Daniel et al., 1995; Fisher et al., 1990; Freckleton et al., 1998;  Copyright 2000 by the American Geophysical Union.
Paper number 1999JD901128. 0148-0227/00/1999JD901128$09.00 JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 105, NO. D5, PAGES 6903-6914, MARCH 16, 2000 Gierczak et al., 1996 Good et al., 1998; Hansen et al., 1997; Imasu et al., 1995; Ko et al., 1999; Myhre and Stordal, 1997; Pappasava et al., 1997; Pinnock et al., 1995] . The international assessments such as those by the Intergovernmental Panel on Climate Change (IPCC) [Shine et al., 1990; Isaksen et al., 1992; Albritton et al., 1995; Schimel et al., 1996 ; hereinafter referred to as IPCC, 1990 IPCC, , 1992 IPCC, , 1995 IPCC, , 1996 , respectively] and the World Meteorological Organization (WMO) [Pyle et al., 1992; Ramaswamy et al., 1992; Shine et al., 1995; Solomon et al., 1995;  hereinafter referred to as WMO, 1992a WMO, , b, 1995a have used diverse results for these quantities. This has posed several problems in analyzing and contrasting the results (WMO, 1995a, b) . In particular, direct comparisons of radiative forcing values are difficult when different approaches are used in their evaluation.
There has been no attempt to get a consistent set of analyses of the atmospheric lifetimes, radiative forcings, and Global Warming Potentials of CFC replacements. In addition, several new replacements have been suggested since the last IPCC assessment (IPCC, 1996) . Our primary goal in this study is to evaluate the atmospheric lifetimes, radiative forcings, and resultant GWPs of HCFCs and HFCs in a consistent manner. In this study, we use our numerical models of atmospheric chemistry and physics [Good et al., 1998; Patten et al., 1994; Rahmes et al., 1998; Wuebbles et al., 1995 Wuebbles et al., , 1991 Wuebbles et al., , 1997 Wuebbles et al., , 2000 to evaluate the atmospheric lifetimes of 28 hydrohalocarbons presented in Table 1 . On the basis of these distributions we then use our radiative transfer model [Briegleb, 1992a, b] to evaluate the radiative forcings of 20 hydrohalocarbons. We were unable to get measured absorption cross sections of 7 gases out of the 27 replacement compounds studied here, hence the radiative forcing calculation was restricted to 20 replacement compounds and CFC-11. Wherever possible we have used the most recent measurements of absorption cross sections. The model calculations of atmospheric lifetimes and radiative forcings are then used to derive Global Warming Potentials (GWPs) for each of the 20 replacement compounds and CFC-11. The GWPs include the latest approach to treatment of the carbon cycle and radiative forcing for carbon dioxide (CO 2 ) as used by Granier et al. [1999] (hereinafter referred to as WMO (1999a)).
Atmospheric Lifetimes
The atmospheric lifetime of a species is defined as the ratio of the total atmospheric burden to the integrated global loss rate. At present, atmospheric lifetimes of hydrohalocarbons are typically derived by two approaches in different assessments and analyses as well as in various literature studies. The primary method involves modeling the chemistry of the species along with relevant physical processes such as transport and radiative transfer in order to determine the distribution of the species. All of the important loss processes (both thermal and photolytic reactions) for each compound are included in the model to represent its global budget and total loss rate. Since tropospheric loss of HCFCs, and HFCs is dominated by reaction with OH radical, it is necessary to represent the OH concentration accurately in determining the atmospheric lifetime for these gases. However, there remain significant uncertainties in the model-calculated OH concentrations. Furthermore, the global distributions of OH cannot readily be measured directly, as OH has small atmospheric concentrations and is highly variable, responding instantly to changes in a variety of parameters including solar flux, temperature, and concentrations of O 3 , H 2 O, NO x , CO, and CH 4 . Uncertainties in the model-derived OH distribution are tested, at least in an averaged sense, by comparison with the measured amounts of gases removed primarily by tropospheric OH. At present, methyl chloroform is the primary gas used to estimate the globally averaged tropospheric OH. Well-defined losses apart from OH removal, a reasonably long lifetime, and extensive measurements and calibrations make CH 3 CCl 3 an ideal reference compound. Various analyses [IPCC, 1995 [IPCC, , 1996 Prinn et al., 1992 Prinn et al., , 1995 WMO, 1992a WMO, , 1995b have used measurements of methyl chloroform and its trend over time in combination with evaluations of its emissions to determine an empirically based total atmospheric lifetime for CH 3 CCl 3 .
The second method for deriving lifetimes involves simple scaling introduced by Prather and Spivakovsky [1990] (hereinafter called P-S method). This method assumes that reaction with OH in the troposphere is the only factor contributing to the lifetime of a compound in the troposphere. Reactions with other radicals in the troposphere are ignored. The atmospheric lifetime of a reference compound due to reaction with OH is scaled by the ratio of the rate coefficients for reaction with OH to calculate the tropospheric lifetime. Methyl chloroform is used as a reference gas in this method too.
The P-S method, while reasonably accurate for many replacement compounds, has not been fully evaluated over the wide range of lifetimes now being determined for recently considered replacement compounds (many of which have extremely short atmospheric lifetimes). This approach was developed for long-lived gases and may not be accurate for short-lived (lifetime of about a year) replacement compounds because of large spatial gradients in their atmospheric distributions. Also, this approach is only accurate for determining the total atmospheric lifetime if the lifetime due to stratospheric loss (or lifetime due to other losses) is known, can otherwise be accounted for, or is insignificant compared to tropospheric reaction with OH. In the present study, both of the approaches have been used to derive the lifetimes of replacements, and the results are compared. Since both of the methods rely heavily on the tropospheric lifetime of CH 3 CCl 3 , it is important to discuss the changes in understanding of the estimated lifetime of CH 3 CCl 3 over the past decade. For the 1994 international ozone assessment (WMO, 1995b ) the lifetime of methyl chloroform due to reaction with OH was taken to be 6.6 years, with an uncertainty of Ϯ25%. This value was also used in the 1994 IPCC assessment on the radiative forcing of climate change (IPCC, 1995) . This lifetime was derived based on a total lifetime of 5.4 years, taken as average of the two major measurement networks, Atmospheric Lifetime Experiment/Global Atmospheric Gases Experiment (ALE/GAGE) [Prinn et al., 1995] and National Oceanic and Atmospheric Administration Climate Monitoring and Diagnostics Laboratory (NOAA CMDL) [Bloomfield et al., 1994] , respectively, with the primary difference in the derivation for these two networks coming from differences in their absolute calibration for the concentration of CH 3 CCl 3 . From this total lifetime together with an evaluated loss lifetime of CH 3 CCl 3 due to the oceans of 85 years [Butler et al., 1991] and a model-estimated lifetime due to stratospheric loss processes ( strat ) of 45 years (WMO, 1995b) , a tropospheric lifetime ( OH ) of 6.6 years can be inferred using
Later studies [IPCC, 1996; Prinn et al., 1995] have derived even shorter lifetimes for CH 3 CCl 3 due to reaction with OH. Table 2 describes the changes in lifetime of CH 3 CCl 3 from recent studies. The 1995 assessment of climate change by the IPCC (IPCC, 1996) assumed a total lifetime for CH 3 CCl 3 of 4.9 Ϯ 0.4 years. This total lifetime was based on the earlier NOAA/CMDL evaluation [Bloomfield et al., 1994] along with a new absolute calibration of the ALE/GAGE network by Prinn et al. [1995] . This resulted in an evaluated lifetime for tropospheric OH loss of 5.9 years when combined with the same lifetimes due to ocean and stratospheric losses as used by WMO (1995b) and IPCC (1996) . However, analysis by Prinn et al. [1995] suggests that the absolute calibration should not be an issue in deriving the tropospheric lifetime. Prinn et al. [1995] examined a number of different approaches to determine the tropospheric lifetime (due to tropospheric loss only, i.e., not considering the total atmospheric burden) of CH 3 CCl 3 from the analysis of the ALE/GAGE data. Their best estimate of this lifetime, 4.6 Ϯ 0.3 years, is much smaller than the earlier evaluations. Part of this is due to the revision of their absolute calibration of the measured CH 3 CCl 3 , but as discussed below, the value of 4.6 years can be justified without the change in calibration. By accounting for the ocean sink of CH 3 CCl 3 at a lifetime of 85 years, Prinn et al. determine the CH 3 CCl 3 lifetime due to reaction with tropospheric OH (again due to tropospheric losses only) to be 4.9 Ϯ 0.3 years, as shown in Table 2 . Prinn et al. then derive the "total atmospheric lifetime" to be 4.8 Ϯ 0.3 years. This is evaluated by accounting for oceanic loss and stratospheric loss, which is dominated by photolysis. If the oceanic lifetime of 85 years [Butler et al., 1991] and the stratospheric lifetime of 45 years (WMO, 1995b ) is subtracted from the total lifetime of 4.8 years, then the lifetime of CH 3 CCl 3 due to reaction with tropospheric OH is 5.7 years. Prinn et al. contend that their Derived from total lifetime of Prinn et al. [1995] by taking into account the oceanic and stratospheric lifetimes used by WMO (1995b) and IPCC (1995) .
trend-based lifetime of 4.6 years (accounting for the magnitude and phase lag in the observed trend in emissions) should be independent of absolute calibration errors. As discussed by Wuebbles et al. [2000] , this would imply that the WMO approach of averaging the total lifetime from ALE/GAGE and NOAA CMDL analyses in order to account for calibration differences is not the best approach. This would also imply the current best value for the CH 3 CCl 3 lifetime due to reaction with tropospheric OH is 5.7 years. We have used this as the best estimate of CH 3 CCl 3 partial lifetime due to reaction with tropospheric OH to scale the lifetimes due to reaction with tropospheric OH of replacement compounds. Kurylo et al. [1999] (hereinafter referred to as WMO (1999b) ) also chose to use this, based on Wuebbles et al. [2000] .
There still remain uncertainties about scaling the partial lifetimes of short-lived compounds that react rapidly with OH, as they are not well mixed in the atmosphere. Such short-lived compounds are unlikely to have significant effects on climate, but for those containing chlorine and bromine, effects on ozone may be important, and their loss processes must be carefully considered.
Two-Dimensional Chemical-Radiative-Transport Model Description and Application
The University of Illinois at Urbana-Champaign (UIUC) two-dimensional chemical-radiative-transport model used for this study is a coupled numerical model that includes explicit description of both atmospheric dynamical processes and atmospheric chemistry [Patten et al., 1994; Rahmes et al., 1998; Wuebbles et al., 1995 Wuebbles et al., , 1991 Wuebbles et al., , 1997 Wuebbles et al., , 2000 . This model has been used extensively in the past international ozone assessments to determine the lifetimes of CFCs and other halocarbons and their effects on ozone (WMO, 1992a (WMO, , 1995 . The model attempts to represent the tropospheric and stratospheric processes appropriate to evaluating the distribution of gases important to the global-scale atmosphere. The current version of the zonally averaged model determines the atmospheric distributions of 66 chemically active atmospheric trace constituents. The model's grid is 5Њ in latitude from pole to pole and about 1.5 km in log pressure altitude from the surface to 84 km. The model incorporates the important species and relevant chemistry to evaluate the spatially and temporally varying concentrations in the distributions of the O x , HO x , NO y , Cl y , Br y , and CH x O y constituents affecting the global atmosphere. Transport of species in the model is self-consistently calculated using the predicted model ozone and seasonally varying climatological temperatures. Effects of heterogeneous chemistry on sulfate aerosols and polar stratospheric clouds are included in the model.
Fifty-two thermal reactions and seven photolytic reactions were added to the chemical mechanism that includes reactions of HCFCs and HFCs with OH, O 1 (D), and Cl in the atmosphere. Kinetic data for reaction of these gases with OH are shown in Table 1 . Most thermal reaction rates are taken from the NASA panel recommendations provided by DeMore et al. [1997] , with updates made as newer data are available. Absorption cross-section information for HCFCs has been assembled primarily following the recommendations of DeMore et al. [1997] . A background surface mixing ratio of 5 parts per trillion (ppt, 10 Ϫ12 mol mol
Ϫ1
) was assumed for the replacement compounds in the atmospheric lifetime derivations. The surface concentrations for CFC-11 and HCFC-22 are assigned to be 270.1 and 105.8 ppt, respectively. The model was run to a steady state concentration, and the total atmospheric lifetime in years of each compound was determined. This was done by taking the ratio of globally and annually averaged concentration of the species and the total loss rate in the atmosphere. Tropospheric and stratospheric lifetimes were determined by replacing the total loss rate with tropospheric and stratospheric loss rates, respectively. The total atmospheric lifetime can be represented as
Model-Derived Atmospheric Lifetimes for CFC-Replacement Compounds
Atmospheric lifetimes of CFC-replacement compounds were derived using both the model described above and the P-S approach. Table 3 gives the lifetimes derived using the model and the P-S approach for each gas. The parameter OH,trop is the lifetime due to reaction with OH in the troposphere, trop,scaled is the tropospheric lifetime (due to reaction with all radicals including OH) scaled with respect to the lifetime of methyl chloroform (5.7 years), strat is the stratospheric lifetime, and total is the total lifetime obtained by using (3). The total atmospheric lifetime of CH 3 CCl 3 includes our model-derived stratospheric lifetime of 42.9 years and 85 years due to ocean loss taken from Butler et al. [1991] . The total modelderived lifetime of 4.74 for CH 3 CCl 3 is slightly less than the value of 4.8 years [Prinn et al., 1995] as our model-derived stratospheric lifetime of 43 years is about 4% lower than that derived by Ko et al. [1994] (45 years). As described in the previous section, model-derived tropospheric lifetimes are scaled to account for the concentration of OH as our model overestimates the concentration of OH, thereby underestimating the lifetime due to reaction with OH. Stratospheric lifetimes are higher as most of the hydrohalocarbons considered here have very small sink in the stratosphere. This can be seen in Figure 1 , which shows the model-derived vertical distributions of mixing ratios of gases considered in this study. It can be seen from the figure that gases which have longer stratospheric lifetimes have higher mixing ratios in the stratosphere irrespective of the total atmospheric lifetime; for example, HCFC-124 ( strat ϭ 111 years) has higher mixing ratio in the stratosphere than HCFC-141b ( strat ϭ 65 years) although the total atmospheric lifetime of HCFC-141b (9.06 years) is higher than that of HCFC-124 (6.23 years).
The percent difference between the model-derived tropospheric lifetimes and those calculated using P-S approach is presented in the last column of Table 3 . As is evident from the table, the P-S method is good to within about 6 -7% for tropospheric lifetimes for many HCFCs and HFCs. However, HFC-161 is an exception. The model-derived lifetime for this gas is about 11% lower than that calculated using P-S method. HFC-161 is a short-lived gas with an atmospheric lifetime of 95 days. As stated previously, P-S method may be inaccurate for short-lived species as they may not be well-mixed in the atmosphere. There are also questions about the validity of the two-dimensional model for such short-lived gases. Owing to their transient existence in the atmosphere, the lifetimes and distributions of short-lived species are likely to depend upon the location and time of emission.
For most gases examined, consideration of the stratospheric losses is important. This implies that simpler approaches to estimating atmospheric lifetimes based on tropospheric OH loss only are likely to have some degree of error depending on the relative loss rate in the stratosphere. Generally, loss in the stratosphere is an important contribution to the total lifetime. The model-derived lifetimes should generally be more realistic as they take into account the vertical distribution and loss rates of the gases. However, uncertainties in our model-derived lifetimes for replacement compounds arise from the uncertainties in the measured rate constants for various reactions considered. Table 4 shows the comparison of our model-derived atmospheric lifetimes with those presented in the most recent ozone assessment (WMO, 1999a) . We have also provided the published lifetimes from other literature sources for gases whose lifetimes were not given in this assessment. Lifetimes given by WMO (1999a) come from a variety of sources. Lifetimes for most gases are taken from IPCC (1996) and do not account for the slight revision in methyl chloroform lifetimes as discussed earlier. Lifetimes for HCFC-22, HCFC-141b, HCFC-142b, HFC-23, and HFC-134a have been updated from their IPCC (1996) values by WMO (1999b) . The lifetimes for these gases have been evaluated using (3) in which trop is calculated using the P-S method (methyl chloroform lifetime is 5.7 years), and strat is calculated using the Atmospheric and Environmental Research Inc. (AER) two-dimensional (2-D) model [Prather and Remsberg, 1993] . Our model-calculated stratospheric lifetimes for these gases appear to be significantly lower than those calculated using the AER model and are balanced by higher model-derived tropospheric lifetimes resulting in smaller difference in our model-calculated total atmospheric lifetimes and those presented by WMO (1999a, b) for these gases. Atmospheric lifetimes of HFC-143a and HFC-236fa have been evaluated using the P-S approach by WMO (1999a) . Our model-calculated lifetime for HFC-143a is appreciably lower than the WMO (1999a) reported value, with the difference resulting from the slow, but not trivial loss in the stratosphere (see Table 3 ). The contribution of stratospheric lifetime to the total lifetime of HFC-236fa is not significant, as it is considerably long-lived in the stratosphere; hence the difference in our model-calculated lifetime and that reported by WMO (1999a) is not significant. Atmospheric lifetime for HFC-236ea reported by WMO (1999a) has been taken from Gierczak et al. [1996] . Gierczak et al. [1996] used the rate constant for OH ϩ HFC-236fa recommended by DeMore et al. [1994] while we used a revised rate constant [DeMore et al., 1997] which is lower than the previously reported value. Hence the difference in our calculated lifetime and that reported WMO (1999a) is significant.
Atmospheric lifetimes for HFC-161 and HFC-365mfc reported by WMO (1999a) have been taken from Christidis et al. [1997] and Barry et al. [1997] , respectively. Both studies have Lifetimes are reported in years. The parameter OH,trop is the model-derived lifetime due to reaction with tropospheric OH, trop,scaled is the total lifetime due to tropospheric losses scaled with respect to methyl chloroform lifetime of 5.7 years, strat is lifetime due to stratospheric losses, total is the total atmospheric lifetime, and trop,P-S is the lifetime derived by P-S approach. Percent difference between trop,P-S and trop,scaled is provided in the last column. a Includes ocean sink of 85 years.
not taken into account the revised methyl chloroform lifetime of 5.7 years, hence our model-derived lifetimes differ slightly from the WMO (1999a) values. Atmospheric lifetime for HFC245fa has been evaluated by Ko et al. [1999] . Our modelcalculated lifetime for the gas is in good agreement with their calculation. For the remaining gases, WMO (1999a) adopted IPCC (1996) values. These lifetimes do not take into account the revised methyl chloroform lifetime. Although not very significant, there is a slight difference in our model-calculated lifetimes and those reported by IPCC (1996) . A revision in atmospheric lifetimes for replacement compounds will also result in the modification of their Ozone Depletion Potentials (ODPs), specifically for HCFCs. The concept of ODPs [Wuebbles, 1981 [Wuebbles, , 1983 WMO, 1995] provides a relative cumulative measure of the expected effects on ozone of the emission of a gas relative to CFC-11. These are calculated by a number of methods described by WMO (1995) . Recently, Madronich et al. [1999] updated the ODPs for a number of HCFCs from their WMO (1995) values, in order to reflect the revision in the lifetimes these gases. Following a similar argument, ODPs for HCFCs need to be scaled with respect to the lifetimes derived in our study. ODPs for HFCs is close to zero. As is seen from Table 4 , our model-derived lifetimes of HCFCs do not differ significantly from those of WMO (1999a), therefore the ODPs will not differ considerably from the values reported by Madronich et al. [1999] .
Radiative Forcing
The definition of radiative forcing adopted by IPCC (1990) was based on earlier work by Hansen et al. [1981] and Ramanathan et al. [1985] . It is defined as the change in forcing at the tropopause after allowing for stratospheric temperatures to readjust to radiative equilibrium, but with the surface and tropospheric temperature and atmospheric moisture fields held fixed at their surface values. It is generally expressed in terms of the change in radiative forcing (W m Ϫ2 ppb Ϫ1 ) when the surface mixing ratio of the gas is 1 part per billion (ppb, 10 Ϫ9 mol mol
Ϫ1
). If no change in stratospheric temperature is accounted for, the greenhouse gas radiative forcing is referred to as instantaneous radiative forcing.
A variety of different radiative transfer models are available to compute the radiative forcing, ranging from wide band model to line-by-line models. Many details of the radiation schemes such as the treatment of clouds, tropopause height, vertical profiles and regional and seasonal distribution of gases, spectral overlap of gases, spectroscopic data, treatment of water vapor infrared continuum, and inclusion of stratospheric adjustment affect the radiative forcing calculation and are not dealt with in the same way by all schemes. In the work of IPCC (1996) the radiative forcing of a number of halocarbons was based on unpublished material for which details were not available. These were based on calculations from a wide variety of models that lacked consistency in terms of the parameters mentioned above. The radiative forcing values were reported relative to the absolute radiative forcing due to CFC-11, in order to achieve some uniformity. Since then, several studies [Barry et al., 1997; Christidis et al., 1997; Freckleton et al., 1998; Gierczak et al., 1996; Good et al., 1998; Imasu et al., 1995; Myhre and Stordal, 1997; Pinnock et al., 1995] have been conducted to evaluate the radiative forcings of various hydrohalocarbons, several of which were not studied previously. However, different modeling techniques and parameters have been adopted for these studies, hence there is a lack of uniformity. The radiative forcings from these studies have been included by WMO (1999a) in an effort to update previous assessments. In order to avoid confusion resulting from updated CFC-11 forcing, absolute radiative forcings are reported by WMO (1999a) . For the purpose of consistency, the literature values for some gases are scaled on the basis of whether clouds are included, whether stratospheric adjustment is performed, what atmosphere is used, and what vertical profile for the gas is assumed. As stated by WMO (1999a), these scalings may only be regarded as approximate and are not always possible. Hence radiative forcings reported by WMO (1999a) still lack uniformity. The absolute radiative forcing for a gas depends on a number of quantities of which the vertical distribution of gases of interest is of particular relevance in this study. Various studies have emphasized the need to use a realistic vertical profile to calculate the radiative forcing. For example, Pinnock et al. [1995] and Christidis et al. [1997] examined the effects of changes in the vertical distribution on radiative forcing for a number of hydrohalocarbons. However, neither considered a realistic distribution of the gases studied. Pinnock et al. [1995] compared the radiative forcing when the hydrohalocarbons are inserted with constant mixing ratios in both the troposphere and stratosphere with the radiative forcing when the gases are inserted into the troposphere only. Christidis et al. [1997] evaluated the effect of changes in vertical profile by keeping the tropospheric concentration equal to 0.1 ppb and decreasing the stratospheric concentration to 0.01 ppb. Both of the studies concluded a reduction in the radiative forcing by 10 -15% when the stratospheric concentrations were decreased. Freckleton et al. [1998] investigated the impact of vertical inhomogeneity in the distributions of HCFCs and HFCs by considering five species with lifetimes ranging from 2 to 26 years. They found that the error in the global mean forcing from assuming the gas to be well-mixed ranged from 5% (for gases with lifetimes greater than 15 years) to 30% (for gases with a 2-year lifetime).
Sensitivity studies are performed in this study to examine the effects of change in the global distribution of HCFCs and HFCs on their derived radiative forcings. We have tried to consider all of the replacement compounds in a consistent manner and perform radiative forcing calculations for each of these gases. We have evaluated the radiative forcings for all the compounds using one model. Cloudy-sky adjusted forcings are evaluated since these are regarded as most appropriate [see, e.g., IPCC, 1995; Hansen et al., 1997] . We have also evaluated cloudy-sky instantaneous radiative forcings in order to provide direct comparisons with other studies.
Infrared Absorption Cross-Section Data
The infrared absorption cross sections for most replacement compounds analyzed for their radiative properties in this study were provided by M. Hurley. Details of the experimental setup used for measuring these absorption spectra are given by Pinnock et al. [1995] and Christidis et al. [1997] , and comparisons have been made therein with other published works [e.g., Capellani and Restelli, 1992; Clerbaux et al., 1993; Fisher et al., 1990; Li and Varanasi, 1994] . Uncertainties in their measurements arose from the following: sample concentration (Ϯ2%), path length (Ϯ1.5%), spectrum noise (Ϯ10 Ϫ20 cm 2 molecule Ϫ1 in each 0.5 cm Ϫ1 band), residual baseline offset after subtraction of the background (Ϯ0.5%), and spectrometer accuracy (Ϯ1%). From the individual uncertainties the total (random) uncertainties in the integrated cross sections were estimated to be about Ϯ4%. This estimate was comparable to the uncertainties in the measurements of Clerbaux et al. [1993] . Christidis et al. [1997] compared CFC-11 absorption spectra (referred to as the Ford spectra), used for this study, with the spectra measured by Li and Varanasi [1994] and Fisher et al. [1990] (referred to as the Magid spectra). They found that the strength of the Ford spectra is 7% lower than the Li and Varanasi spectra and 4% lower than the Magid spectra. There Nelson et al. [1995] .
was no significant difference in the radiative forcing due to CFC-11 using the Ford spectra and the Magid and the Li and Varanasi spectra. Christidis et al. [1997] analyzed the sensitivity of radiative forcing to the dependence of the spectra on temperature and pressure and concluded that the spectral dependence on pressure and temperature contributes to an uncertainty of less than 1% in the estimated forcing. The absorption cross sections for HFC-245fa were provided by H. Magid (personal communication, 1997) . Details of the experimental setup used to measure these spectra are given by Ko et al. [1999] . The spectra were measured at a spectral resolution of 0.5 cm Ϫ1 . The absorption cross sections for HFC365mfc were provided by C. Clerbaux, based on Barry et al. [1997] . The spectra were measured at 287 Ϯ 0.5 K and 0.03 cm Ϫ1 spectral resolution. The total uncertainty associated with the integrated cross sections was estimated to be lower than 4%. It was obtained by adding the uncertainties due to the following sources of error: pressure and temperature measurements, purity determination, path length, and standard deviation in the least squares fit.
No other measurements of the absorption cross sections for HFC-245fa and HFC-365mfc appear to be available in the literature. A single source of data was used for all of the other compounds to remove errors arising from the variety of instruments used and method of measurements. These data have been used in calculations of radiative forcing conducted by other groups [Pinnock et al., 1995; Christidis et al., 1997; Freckleton et al., 1998 ]. The use of a common source of data also allows us to directly compare our results with these published works.
Radiative Transfer Model Description and Application
Absolute radiative forcings due to HCFCs and HFCs were calculated using our column radiative transfer model. This model uses the National Center for Atmospheric Research (NCAR) Community Climate Model version 2 (CCM2) shortwave radiation code and longwave band model [Briegleb, 1992a, b] . It accounts for the radiative effects of H 2 O, CO 2 , O 3 , along with the effects of other gases (CH 4 , N 2 O, CFCs, HCFCs, HFCs) and aerosols. This model has been used in studies of the effects of trace gases and aerosols, tropospheric and stratospheric simulations, as well as in studies comparing simulated longwave radiances in restricted bands (such as the 10 m water vapor window) with observations [Briegleb, 1992a, b; Kiehl and Briegleb, 1993] . The changes in the total radiative flux caused by increase in trace gases predicted by the model agree well with detailed line-by-line calculations. This model was also used to estimate the radiative forcings of some fluoroethers [Good et al., 1998 ]. Our version of this radiative transfer model has been modified to better account for radiative convective processes.
The model is further modified in this study to include stratospheric adjustment. Both instantaneous and adjusted radiative forcing calculations were performed. Stratospheric adjustment is executed using an iterative method that involves adjusting the stratospheric temperature until the infrared cooling rate is equal to the solar heating rate. This restores radiative balance in the stratosphere, which was perturbed by the addition of a halocarbon. In most cases, allowing the stratosphere to reestablish a radiative equilibrium after inserting a small amount of halocarbon in the atmosphere results in an increase in the radiative forcing. The longwave radiation scheme used in this model is based on the Malkmus random band model of Briegleb [1992b] . The original model is a wide band model that calculates absorptivities and emissivities in the 0 -3000 cm Ϫ1 range with spectral width of 100 cm
Ϫ1
. The spectral width is modified to 10 cm Ϫ1 to compute narrow band absorptivities and emissivities in the wavelength range 400 -2000 cm Ϫ1 since absorption bands for halocarbons below 400 cm Ϫ1 and above 2000 cm Ϫ1 have a negligible effect on the radiative forcing. Transmittance for each halocarbon in the 100 cm Ϫ1 band is evaluated as an average of transmittance evaluated in the 10 cm Ϫ1 band. This transmittance is then used to evaluate the absorptivities and emissivities. The absorption spectra are averaged into 160 by 10 cm Ϫ1 bands used in the model. This version of the model has three layers of clouds and no aerosols. Cloud cover and properties have been taken from Christidis et al. [1997] . A global and annual mean atmosphere (GAM) is used for radiative forcing calculations, which has also been taken from the same source. This atmosphere contains vertical profiles of pressure, temperature, H 2 O, and O 3 at 16 levels. CO 2 , CH 4 , and N 2 O mixing ratios are assumed to be constant throughout the atmosphere and equal to 364, 1.75, and 0.28 ppmv, respectively. The spectroscopic data for the five gases, H 2 O, O 3 , CO 2 , CH 4 , and N 2 O are from the HITRAN-86 database [Rothman et al., 1987] . As discussed by Freckleton et al. [1998] , specification of tropopause height is crucial to the determination of radiative forcing. They showed that the choice of tropopause definition (i.e., lapse rate criteria, temperature minimum, top of convective level) could influence radiative forcing results by up to 9%. For the calculation presented here, we defined the tropopause height according to location of a minimum in GAM temperature profile.
In order to study the sensitivity of radiative forcing to the change in greenhouse gas concentration, two cases are considered: (1) constant change in vertical mixing ratio from 0 to 1 ppb throughout the atmosphere, and (2) change in vertical mixing ratio from 0 to a globally and annually averaged 2-D model-estimated vertical distribution (Figure 1 ). Many past studies have assumed constant vertical mixing ratios for radiative forcing calculations; hence we use this to compare our radiative forcing values with previously reported values. Adjusted and instantaneous cloudy-sky radiative forcings for the species are calculated with respect to the surface concentration. Generally, radiative forcings are expressed in W m Ϫ2 ppb Ϫ1 ; hence our results are rescaled to reflect the impact of a 1 ppb change in mixing ratio.
Model-Derived Radiative Forcings for CFC-Replacement Compounds
Absolute adjusted and instantaneous radiative forcings for CFC-11 and 20 other hydrohalocarbons are presented in Table  5 . Absolute instantaneous and adjusted forcings for the two cases described in section 3.2 are given in the table. A few important observations can be made from the table. As expected, stratospheric adjustment results in an increase in the radiative forcing by a few percent (1-6%) for all hydrohalocarbons, except for HFC-161. Absorption by a halocarbon (in the window region of the infrared spectrum) in the stratosphere increases the heating rate of the stratosphere resulting in warming if the temperature is allowed to adjust, while absorption in the troposphere decreases the heating rate of the stratosphere resulting in cooling when the temperature is allowed to adjust. For most halocarbons the net effect is warming in the stratosphere resulting in an increase in the adjusted radiative forcing. For HFC-161 there is no difference in the adjusted and instantaneous forcings. This is attributed to two strong absorption bands of HFC-161, one of which overlaps with a strong O 3 band, and the other lies in the region where increase in stratospheric opacity results in cooling [Christidis et al., 1997] which cancels the warming effect.
For both the adjusted and instantaneous cases the forcing decreases when a decreasing vertical profile is used. The difference in adjusted radiative forcing when a change in vertical mixing ratio from 0 to model-estimated profile is considered relative to the change in mixing ration from 0 to 1 ppb is shown in Table 5 . As seen in Table 5 , the percent reduction in radiative forcing is not the same for all the gases. The percent reduction is particularly significant for short-lived gases, for example, HFC-161, HFC-152a, and HCFC-225ca, while it is negligible for long-lived gases such as HFC-23, HFC-227ea, and HFC-236ea. The shorter timescales of vertical mixing in the troposphere ensure homogeneous mixing of gases with lifetimes longer than a few years, while slow vertical mixing combined with even slower chemical loss rates result in a steep gradient in the vertical mixing ratios in the stratosphere. The downwelling radiation into the troposphere decreases due to reduced amounts of the gas in the stratosphere, resulting in a lower radiative forcing. Stratospheric adjustment further reduces the radiative forcing as cooling dominates over warming in the stratosphere due to reduced upwelling radiation in the stratosphere. This effect is reflected in our results and is found to be significant for short-lived gases. Hence it is important to consider the lifetimes of these gases in radiative forcing calculations as they determine the vertical abundance.
The radiative forcing has also been shown to be dependent on the seasonal and regional variation in the distribution of gases of interest by Myhre and Stordal [1997] . Hence the radiative forcing for these gases will depend considerably on the chosen distributions. However, the radiative forcing values evaluated for the realistic profile in this study (Table 5) are representative of the real forcing to a larger extent than that evaluated for a constant vertical profile. Uncertainties in our calculated radiative forcing values may arise from uncertainties in the 2-D model-derived vertical profiles (use of a global mean) and measured absorption cross sections of halocarbons.
Since radiative forcing for CFC-replacement compounds were reported relative to that of CFC-11 in previous assessments, we also derived the radiative forcing for this gas. Our best estimate of CFC-11 adjusted radiative forcing is 0.271 W m Ϫ2 ppb Ϫ1 with a constant profile and 0.242 W m Ϫ2 ppb
Ϫ1
with a realistic profile. These values can be considered to be accurate to within 15%, given all sources of errors. A significant discrepancy between the radiative forcing for CFC-11 used since IPCC (1990) (based on Hansen et al. [1988] ) and a more recent calculation [Pinnock et al., 1995] was reported by IPCC (1996) . Since then, several other studies [Hansen et al., 1997; Christidis et al., 1997; Myhre and Stordal, 1997; Good et al., 1998 ] have confirmed that the IPCC (1990) value of 0.22 W m Ϫ2 ppb Ϫ1 for CFC-11 forcing is too low. Hansen et al. [1997] used a GCM with an updated absorption cross section for CFC-11 (based on Christidis et al. [1997] ) to arrive at their best estimate of 0.25 W m Ϫ2 ppb
; Myhre and Stordal [1997] also derived a value of 0.25 W m Ϫ2 ppb Ϫ1 using a vertical profile from a chemical model. This value has been reported by WMO (1999a) as their best estimate. Our value is about 23% higher than that reported by IPCC (1996) . However, our values agree well with the range of values encompassed by WMO (1999a) , with their best estimated value being 0.25 W m Ϫ2 ppb Ϫ1 . The forcing for constant profile compares well with the Pinnock et The forcing is calculated due to change in the mixing ratio from 0 to 1 ppb and 0 to a model-estimated vertical distribution. Forcings are expressed in units of W m Ϫ2 ppb Ϫ1 . The percent difference in adjusted radiative forcing when the change in mixing ratio from 0 to model-estimated profile is considered relative to the change in mixing ratio from 0 to 1 ppbv is shown in the table. The percent difference between WMO (1999a) reported radiative forcing and the adjusted forcing for change in vertical profile from 0 to a model-estimated vertical distribution is shown in the last column.
al. [1995] IPCC (1996) values except the forcings have been increased by a factor of 1.14 to account for the change in the recommended forcing for CFC-11. Radiative forcings for a few gases (HFC-134, HFC-161, HFC-227ca) in the work of WMO (1999a) have been reproduced from Christidis et al. [1997] after a simple scaling based on Freckelton et al. [1998] to account for the decrease in stratospheric concentration. Our values are based on a consistent set of actual radiative transfer calculations. Moreover, radiative forcing values of IPCC (1996) were taken from varied sources both published and unpublished. There may be differences in the models and atmospheres used in these studies. We feel it is not justified to simply scale IPCC values relative to the recent changes made in CFC-11 forcing, owing to the difference in conditions and assumptions used to evaluate the forcings.
Global Warming Potentials
Global Warming Potential (GWP) is an important radiative forcing index that is used to estimate the relative impact of emission of a fixed amount of one greenhouse gas compared to another for the globally averaged radiative forcing over a specified timescale. The concept of Global Warming Potential was originally developed for IPCC (1990) as a tool for policy consideration. GWPs provide a better measure of the relative greenhouse impacts than radiative forcing alone as they include the lifetime of gases that helps in differentiating the forcing from long-and short-lived gases. GWPs have also been used to motivate the choice of replacements for the CFCs and play a role in the Kyoto Protocol (WMO, 1999a) . Direct GWPs (considering only the absorptive and emissive properties) have been evaluated for a number of replacement compounds and have been reported by the IPCC and WMO assessments. GWPs are expressed as the time-integrated radiative forcing from the instantaneous release of a kilogram of a gas expressed relative to that of a kilogram of the reference gas, CO 2 (IPCC, 1990) .
where F X is the radiative forcing per unit mass of species of X, X is the atmospheric lifetimes of species X, F CO 2 is the radiative forcing due to CO 2 , and R(t) represents the response function which describes the decay of an instantaneous pulse of CO 2 . The numerator and the denominator represent the absolute global warming potential (AGWP) of species X and CO 2 , respectively. Recently, in the work of WMO (1999a) the formula for radiative forcing due to a pulse of CO 2 was revised from the one used in previous assessments, as the previous formula did not reproduce the results of Hansen et al. [1988] properly. This resulted in about 12% decrease in the forcing compared to the IPCC (1996) value. This decrease manifests itself in lower values of CO 2 AGWPs. This decrease in CO 2 AGWPs would lead to slightly larger GWPs for other gases. IPCC (1996) reported the GWPs for a number of replacement compounds evaluated relative to CO 2 . The latest assessment, WMO (1999a) , reported the GWPs for the previously evaluated species and expanded the list to add some newer compounds. These values are greater than the IPCC (1996) values due to the above mentioned decrease in CO 2 forcing. We evaluated the GWPs for the replacements using our model-derived atmospheric lifetimes and radiative forcings relative to the revised CO 2 AGWPs. Direct GWPs for three time horizons (20, 100, and 500 years) using the radiative forcing for realistic vertical profiles are tabulated in Table 6 . Generally, GWPs calculated over 100 year time horizon are used to provide a balanced representation of the various timescales for climatic responses. A comparison of our calculated 100 year GWPs with WMO (1999a) is presented in the same table. As seen in the table, our derived GWPs for most of the compounds differ appreciably from WMO (1999a) reported values. Differences in lifetimes and radiative forcings are reflected in the calculated GWPs. This is particularly observed for gases whose radiative forcings differ significantly from WMO (1999a) reported values; for example, derived GWPs of HCFC-225ca, HCFC-225cb, HFC23, HFC-152a, and HFC-161 differ by more than 20% from WMO (1999a) values.
Conclusions
Many assessments have reported the atmospheric lifetimes and radiative forcings for several CFC replacements; however, they lack uniformity in terms of model used and various other conditions applied. We recognized the need for consistent analyses of these parameters, wherein every detail is taken into account to perform a comprehensive study. In the present study, we have evaluated the atmospheric lifetimes, radiative forcings, and Global Warming Potentials for possible CFC replacement compounds in an attempt to perform selfconsistent analyses.
Previous assessments have mostly reported atmospheric lifetimes derived using simple scaling methods. However, we have performed model calculations to derive the atmospheric lifetimes of a number of proposed CFC replacements. The simple scaling method provides a rough estimate of the lifetime, while modeling takes into account all the chemical and physical processes that a gas is subjected to in the atmosphere. Modelderived atmospheric lifetimes are within 10% of those evaluated by simple scaling method proposed by Prather and Spivakovsky [1990] . However, model-derived lifetimes are more realistic due to the inclusion of loss processes other than loss due to reaction with OH in the atmosphere. Discrepancies in the reported values of total atmospheric lifetimes were resolved by comparing recently revised values of WMO (1999a, b) and our model-derived lifetimes.
Radiative forcings for a large number of replacement compounds have been evaluated by various studies; however, direct comparison is rendered difficult due to the use of different models, cloud conditions, background atmospheres, absorption cross sections, and vertical profiles of gases and the type of forcing (adjusted or instantaneous) reported. In many cases some of these parameters are not reported in the literature. In order to overcome such inconsistencies we evaluated the radiative forcings for 20 hydrohalocarbons. Both instantaneous and adjusted cloudy-sky radiative forcings were calculated using a radiative transfer model. The sensitivity of the forcing to the halocarbon vertical mixing ratio profile was investigated. The effects of change in vertical profile on the radiative forcings were found to be considerable for short-lived gases. We recognize that the consideration of latitudinal and seasonal variation in the distributions of replacement compounds will provide a more accurate estimate of the radiative forcing applicable to realistic conditions. Finally, model-derived atmospheric lifetimes and radiative forcings were used to evaluate the Global Warming Potentials for the replacement compounds considered in this study. Evaluated GWPs for most gases differ significantly from WMO (1999a) reported values because of significant differences in our evaluated radiative forcings and lifetimes. 
